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Figure S1.  Optimized structures and contour plots of frontier molecular orbitals and energies for model 
compounds MF1 and MF2 in their (a) neutral and (b) protonated state calculated by DFT at the 
B3LYP/6-31G* level of theory. 
 
Figure S2.  Representative 1H NMR spectra of copolymers (top) PF3 and (bottom) PT3.  Insets show 
zoomed-in region and integration areas used to calculate copolymer composition. 
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Figure S3.  UV-visible absorption spectra of PF1–PF5 in (a) THF, (b) THF/TFA and PT1–PT5 in (c) 
THF, (d) THF/TFA.  THF/TFA mixtures contained 30% TFA by volume.  Insets show optical 
photographs of the polymer solutions with a repeating unit concentration of 1×10-4 M. 
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Figure S4.  UV-visible absorption spectra of (a) PF1, (b) PF5, (c) PT1, and (d) PT5 demonstrating 
reversibility of protonation/deprotonation.  Shown are absorption spectra of the polymers in CHCl3 
(orange line), after addition of 30% TFA (v/v) (grey line), and after neutralization of the 30% TFA 
solutions with Na2CO3 (blue dashed line). 
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Colorimetric evaluation of polymer thin films.   Photographs of polymer thin films were acquired with 
a digital camera and images were processed using Photoshop CS4.  Each photograph was processed 
using the Auto Contrast feature in order to account for slight differences in exposure between individual 
images.  The average RGB (red, green, and blue) color level of each film was then analyzed, sampling 
no fewer than 225,000 pixels from the center of each film image.  The tabulated results for the thin film 
images in Figure S6 (clockwise from upper left: 1–11) are shown below in Table S1. 
 
Table S1.  Average RGB color levels and standard deviation for thin film images shown in Figure S6.  
Film # Red Channel Green Channel  Blue Channel # of Pixels Sampled 
1 195 ± 5.99 226 ± 5.95 174 ± 6.64 253,460 
2 237 ± 8.94 82 ± 13.3 57 ± 11.3 250,408 
3 193 ± 4.98 208 ± 5.67 157 ± 7.01 237,440 
4 224 ± 6.29 102 ± 7.12 92 ± 7.52 230,068 
5 205 ± 8.10 221 ± 8.17 157 ± 9.34 247,470 
6 228 ± 6.95 87 ± 4.81 78 ± 7.88 241,450 
7 199 ± 4.44 207 ± 4.81 158 ± 7.20 245,032 
8 230 ± 7.03 88 ± 8.69 79 ± 8.40 237,050 
9 210 ± 4.07 210 ± 4.62 154 ± 6.40 330,934 
10 219 ± 6.80 83 ± 8.22 77 ± 8.33 244,596 
11 206 ± 4.33 206 ± 5.11 150 ± 6.92 225,268 
 
 
 
Figure S5.  RGB color analysis (red and blue channels) of the reversible protonation/deprotonation of a 
thin film of PF5 spin-coated on glass over five complete cycles (exposure to TFA vapor followed by 
removal of TFA under a flow of argon).  Photographs of the film over the course of the experiment are 
shown in Figure S6. 
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Figure S6.  Optical photographs demonstrating five complete cycles of reversible 
protonation/deprotonation of a thin film of PF5 spin coated on a glass substrate from chlorobenzene.  
The neutral film changes from green to red in color upon (i) exposure to TFA vapor, and (ii) removal of 
TFA vapor under a flow of argon converts the cationic polymer back to the neutral polymer film.  The 
experiment was conducted in an argon atmosphere. 
 
 
 
 
Figure S7.  Optical photographs of a thin film of PF5 on glass demonstrating a reversible response to 
TFA vapor in air.  Accelerated degradation of the film color was observed under these conditions likely 
due to irreversible oxidation of the azulenium cation. 
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Materials.  All reagents from commercial sources were used without further purification unless 
otherwise stated.  Deuterated solvents were obtained from Cambridge Isotope Laboratories, Inc. The 
9,9-dioctylfluorene-2,7-bis(trimethylborate) (3) was purchased from Aldrich and purified by 
recrystallization from acetone prior to use.  The 1,3-dibromoazulene (1),[1] 4,7-dibromoazulene (2),[2] 2-
(9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane,[3] 2-bromo-3,3'-didodecyl-2,2'-
bithiophene,[4] and 5,5'-bis(trimethylstannyl)-3,3'-didodecyl-2,2'-bithiophene (4)[5] were prepared 
according to the literature procedures. 
 
Instrumentation.  NMR spectra were recorded using a Varian 500 or 600 MHz spectrometer.  All 1H 
NMR experiments are reported in δ units, parts per million (ppm), and were measured relative to the 
signals for residual chloroform (7.26 ppm) in deuterated solvent.  All 13C NMR spectra were measured 
in deuterated solvents and are reported in ppm relative to the signals for residual chloroform (77.16 
ppm).  Gel permeation chromatography (GPC) was performed on a Waters 2690 separation module 
equipped with Waters 2414 refractive index and 2996 photodiode array detectors using CHCl3 
containing 0.25% triethylamine as eluent at a flow rate of 1 mL/min. Molecular weights and molecular 
weight distributions were calculated relative to linear PS standards.  Mass spectrometry was performed 
on a Waters GCT Premier time-of-flight mass spectrometer.  Fluorescence spectra were recorded on a 
Varian Cary Eclipse fluorescence spectrometer.  UV-visible spectra were recorded on a Shimadzu UV 
3600 spectrophotometer.  IR spectra were recorded on a Perkin Elmer Spectrum 100 with a Universal 
ATR sampling accessory. 
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Synthesis and characterization 
 
 
2-(3,3'-didodecyl-[2,2'-bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane.  A 100 mL round-
bottom flask equipped with a stir bar was charged with 2-bromo-3,3'-didodecyl-2,2'-bithiophene (0.802 
g, 1.38 mmol) and THF (30 mL) and sealed with a septum.  The flask was purged with argon for 
approximately 5 min and cooled with stirring to -78 °C.  A 2.5 M solution of n-butyllithium in hexane 
(0.82 mL, 2.1 mmol) was added dropwise via syringe. The solution was stirred at -78 °C for 1 h 
followed by the addition of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.49 mL, 2.3 mmol) 
in one portion.  After stirring for 1 h at -78 °C the mixture was warmed to room temperature and stirred 
overnight.  The resulting mixture was poured into water and extracted with ethyl acetate (100 mL).  The 
organic layer was washed with water (2 x 50 mL), brine (50 mL), and the organic extract was dried over 
MgSO4.   The crude product was purified by flash chromatography on silica gel using ethyl 
acetate/hexane (1:1) as eluent to provide the title compound as a colorless liquid after drying under 
vacuum (810 mg, 93 %).   1H NMR (600 MHz, CDCl3) δ: 0.88 (t, J = 7.0 Hz, 6H), 1.18–1.33 (m, 36H), 
1.35 (s, 12H), 1.47–1.59 (m, 4H), 2.49 (m, 4H), 6.96 (d, J = 5.2 Hz, 1H), 7.28 (d, J = 5.1 Hz, 1H), 7.50 
(s, 1H) ppm; 13C NMR (125 MHz, CDCl3) δ: 14.3, 22.9, 24.9, 28.9, 29.0, 29.5, 29.5, 29.6, 29.6, 29.6, 
29.7, 29.8, 29.8, 29.8, 30.8, 32.1, 84.2, 125.5, 128.7, 128.8, 136.6, 138.9, 142.3, 143.9 ppm (some peaks 
overlap); IR (CHCl3, cm-1): 2924, 2854, 1466, 1419, 1382, 1329, 1296, 1269, 1143, 850, 575; HRMS 
(EI, m/z): calcd for [C38H65BO2S2]+ (M+), 627.4555; found, 627.4531. 
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1,3-Bis(9,9-dioctylfluoren-2-yl)azulene, MF1.  To a Schlenk flask equipped with a stir bar was added 
1,3-dibromoazulene 1 (0.10 g, 0.35 mmol), 2-(9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (0.90 g, 1.7 mmol), Pd(PPh3)4 (20 mg, 17 μmol), and three drops of Aliquot 336.  The 
vessel was sealed and evacuated/backfilled with argon three times followed by the addition of dry 
toluene (8 mL) and a degassed 2 M aqueous solution of Na2CO3 (7.0 mL, 14 mmol) via syringe.  The 
mixture was refluxed at 110 °C for 24 h.  After cooling, the organic layer was separated, concentrated, 
and redissolved in CHCl3 (30 mL). This solution was washed with 2 M HCl (30 mL) then brine (2 x 30 
mL), and the combined organic extracts were dried over anhydrous MgSO4.  The crude product was 
purified by chromatography on silica gel using hexane as eluent to provide the title compound as a green, 
tacky solid after drying under vacuum (270 mg, 85%).  1H NMR (600 MHz, CDCl3) δ: 0.65–0.78 (m, 
8H), 0.80 (t, J = 7.2 Hz, 12H), 1.03–1.16 (m, 32H), 1.16–1.24 (m, 8H), 2.02 (dt, J = 11.2, 5.5 Hz, 8H), 
7.11 (t, J = 9.7 Hz, 2H), 7.29–7.33 (m, 2H), 7.33–7.39 (m, 4H), 7.59 (t, J = 9.8 Hz, 1H), 7.62 (d, J = 1.5 
Hz, 2H), 7.65 (dd, J = 7.7, 1.5 Hz, 2H), 7.76 (d, J = 7.2 Hz, 2H), 7.84 (d, J = 7.7 Hz, 2H), 8.26 (s, 1H), 
8.58 (d, J = 9.7 Hz, 2H) ppm; 13C NMR (125 MHz, CDCl3) δ: 14.2, 22.7, 24.1, 29.4, 30.3, 31.9, 40.6, 
55.3, 119.8, 120.0, 123.0, 123.5, 124.5, 126.9, 127.0, 128.7, 131.4, 135.9, 136.5, 137.0, 137.3, 139.2, 
139.8, 141.1, 151.1, 151.3 ppm; IR (solid, cm-1): 3055, 3019, 2954, 2923, 2851, 1568, 1454, 1365, 1295, 
1264, 1154, 1004, 943, 875, 831, 780, 737, 678; MS (FD, m/z) calcd for [C68H88]+ (M+), 904.69; found, 
904.64. 
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4,7-Bis(9,9-dioctylfluoren-2-yl)azulene, MF2.  Following a similar procedure as MF1, 4,7-
dibromoazulene 2 (51 mg, 0.18 mmol), 2-(9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (0.45 g, 0.87 mmol), Pd(PPh3)4 (10 mg, 8.7 μmol), and two drops of Aliquot 336 were 
added to a Schlenk flask equipped with a stir bar.  The vessel was sealed and evacuated/backfilled with 
argon three times followed by the addition of dry toluene (5 mL) and a degassed 2 M aqueous solution 
of Na2CO3 (3.5 mL, 7.0 mmol) via syringe.  The mixture was refluxed at 110 °C for 24 h.  The crude 
product was purified by column chromatography using hexane as eluent to provide the title compound 
as a blue, tacky solid after drying under vacuum (140 mg, 86%).  1H NMR (600 MHz, CDCl3) δ: 0.65–
0.79 (m, 8H), 0.82 (dt, J = 9.5, 7.2 Hz, 12H), 1.03–1.18 (m, 32H), 1.18–1.28 (m, 8H), 1.96–2.10 (m, 
8H), 7.23 (d, J = 3.3 Hz, 1H), 7.31–7.44 (m, 7H), 7.57 (dd, J = 3.7, 1.5 Hz, 1H), 7.62–7.72 (m, 4H), 
7.77 (d, J = 7.3 Hz, 1H), 7.80 (d, J = 7.3 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.88 
(t, J = 3.8 Hz, 1H), 7.99 (dd, J = 10.8, 2.0 Hz, 1H), 8.80 (d, J = 2.0 Hz, 1H) ppm; 13C NMR (125 MHz, 
CDCl3) δ: 14.2, 14.2, 22.8, 22.8, 24.0, 24.0, 29.4, 29.4, 29.4, 29.9, 30.2, 31.9, 32.0, 40.5, 40.5, 55.4, 
118.7, 119.6, 119.9, 120.0, 120.1, 120.5, 122.7, 123.1, 124.3, 125.8, 127.0, 127.0, 127.1, 127.3, 127.4, 
128.2, 135.6, 136.6, 136.9, 137.6, 138.1, 140.3, 140.6, 140.8, 140.9, 141.3, 142.4, 143.6, 150.1, 150.7, 
151.2, 151.3, 151.7 ppm (some peaks overlap); IR (solid, cm-1):3063, 30115, 2954, 2923, 2851, 1519, 
1446, 1375, 1302, 1264, 1004, 991, 932, 889, 821, 781, 756, 739, 665; MS (FD, m/z) calcd for [C68H88]+ 
(M+), 904.69; found, 904.81. 
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1,3-Bis(3,3'-didodecyl-[2,2'-bithiophen]-5-yl)azulene, MT3.  A mixture of 1,3-dibromoazulene 1 (0.10 g, 
0.35 mmol), 2-(3,3'-didodecyl-[2,2'-bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.44 g, 
0.70 mmol), Pd(PPh3)4 (4.0 mg, 0.035 mmol), and three drops of Aliquot 336 were combined in a 
Schlenk flask equipped with a stir bar.  The vessel was sealed and evacuated/backfilled with argon three 
times followed by the addition of dry toluene and a degassed 1 M aqueous solution of Na2CO3 (1.0 mL, 
1.0 mmol) via syringe.  The mixture was refluxed at 110 °C for 24 h.  After cooling, the organic layer 
was separated, concentrated, and redissolved in CHCl3 (30 mL).  This solution was washed with 2 M 
HCl (30 mL) then brine (2 x 30 mL), and the combined organic extracts were dried over anhydrous 
MgSO4. The crude product was purified by chromatography on silica gel using hexane as eluent to 
provide the title compound as a green solid after drying under vacuum (260 mg, 66%).  1H NMR (600 
MHz, CDCl3) δ: 0.83–0.92 (m, 12H), 1.18–1.36 (m, 72H), 1.57–1.68 (m, 8H), 2.58 (t, J = 7.8 Hz, 4H), 
2.61 (t, J = 7.6 Hz, 4H), 7.00 (d, J = 5.2 Hz, 2H), 7.16 (t, J = 9.8 Hz, 2H), 7.18 (s, 2H), 7.31 (d, J = 5.2 
Hz, 2H), 7.58 (t, J = 9.7 Hz, 1H), 8.20 (s, 1H), 8.75 (d, J = 9.7 Hz, 2H) ppm; 13C NMR (125 MHz, 
CDCl3) δ: 14.3, 14.3, 22.8, 22.9, 29.1, 29.2, 29.5, 29.5, 29.6, 29.6, 29.7, 29.8, 29.8, 29.8, 29.8, 29.9, 31.0, 
31.0, 32.1, 32.1, 123.3, 124.4, 125.4, 126.7, 128.3, 128.8, 129.0, 136.6, 136.7, 137.0, 138.4, 139.8, 142.5, 
143.1 ppm (some peaks overlap); IR (solid, cm-1): 3063, 2912, 2848, 1564, 1470, 1402, 1376, 1301, 
1232, 1191, 1085, 944, 917, 872, 829, 730, 716, 683; MS (FD, m/z) calcd for [C74H112S4]+ (M+), 
1128.76; found, 1128.86. 
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4,7-Bis(3,3'-didodecyl-2,2'-bithyenyl)azulene, MT4.  Following a similar procedure as MT3, 4,7-
dibromoazulene 2 (42 mg, 0.15 mmol), 2-(3,3'-didodecyl-[2,2'-bithiophen]-5-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (0.28 g, 0.45 mmol), Pd(PPh3)4 (8.2 mg, 5.5 μmol), and two drops of Aliquot 336 
were added to a Schlenk flask equipped with a stir bar.  The vessel was sealed and evacuated/backfilled 
with argon three times followed by the addition of dry toluene (5 mL) and a degassed 2 M aqueous 
solution of Na2CO3 (2.2 mL, 4.4 mmol) via syringe.  The mixture was refluxed at 110 °C for 24 h.  The 
crude product was purified by chromatography on silica gel using hexane as eluent to provide the title 
compound as a dark green, tacky solid after drying under vacuum (120 mg, 71%).   1H NMR (600 MHz, 
CDCl3) δ: 0.82–0.90 (m, 12H), 1.18–1.35 (m, 72H), 1.56–1.65 (m, 8H), 2.54 (t, J = 7.9 Hz, 2H), 2.61 (dt, 
J = 16.3, 7.8 Hz, 6H), 6.99 (d, J = 5.5 Hz, 1H), 7.01 (d, J = 5.0 Hz, 1H), 7.29 (s, 1H), 7.32 (d, J = 5.3 Hz, 
1H), 7.34 (d, J = 5.2 Hz, 1H), 7.42 (d, J = 11.0 Hz, 1H), 7.46 (s, 1H), 7.49 (d, J = 3.6 Hz, 1H), 7.74 (d, J 
= 3.7 Hz, 1H), 7.88 (t, J = 3.8 Hz, 1H), 7.92 (dd, J = 11.1, 2.1 Hz, 1H), 8.72 (s, 1H) ppm; 13C NMR (125 
MHz, CDCl3) δ: 14.3, 14.3, 22.8, 22.9, 29.1, 29.1, 29.2, 29.3, 29.5, 29.5, 29.6, 29.6, 29.7, 29.7, 29.8, 
29.8, 29.8, 29.8, 29.8, 29.8, 29.8, 29.9, 30.9, 31.0, 32.1, 32.1, 119.3, 121.7, 125.5, 125.6, 125.7, 127.8, 
128.4, 128.7, 128.8, 128.9, 129.2, 130.3, 131.0, 133.6, 135.6, 136.3, 137.6, 140.5, 141.2, 142.6, 142.7, 
142.7, 144.0, 144.3, 146.6 ppm (some peaks overlap); IR (solid, cm-1): 3067, 2920, 2851, 1516, 1463, 
1418, 1376, 1218, 1185, 1070, 990, 916, 882, 832, 754, 719; MS (FD, m/z) calcd for [C74H112S4]+ (M+), 
1128.76; found, 1128.87. 
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Representative synthetic procedure for polymerizations by Suzuki-Miyaura cross-coupling (PF1–PF5). 
A detailed procedure is provided for polymer PF3.  A mixture of 1,3-dibromoazulene 1 (25.0 mg, 
0.0874 mmol), 4,7-dibromoazulene 2 (25.0 mg, 0.0874 mmol), 9,9-dioctylfluorene-2,7-
bis(trimethylborate) 3 (97.6 mg, 0.175 mmol),  Pd2dba3 (5.6 mg, 6.0 μmol), and P(o-tol)3 (4.3 mg, 14 
μmol) were combined in a 10 mL Schlenk flask equipped with a stir bar and septum.  The vessel was 
evacuated and backfilled with argon three times followed by the addition of degassed toluene (5 mL) 
and 20% aqueous solution of tetraethylammonium hydroxide (0.8 mL) via syringe.  The resulting 
solution was heated at 85 °C under argon for 48 h.  The mixture was cooled to room temperature, eluted 
through a short pad of silica gel using CHCl3 as eluent and poured into methanol (150 mL).  The 
precipitate was collected by filtration using a 0.45 μm nylon membrane and washed consecutively with 
methanol, water, acetone, and hexanes.  The polymer was dissolved in a small amount of chloroform 
and precipitated a second time into methanol, providing the title compound as a green solid after 
filtration and drying under vacuum (76 mg, 84%).  1H NMR (600 MHz, CDCl3) δ: 0.67–1.00 (br m), 
1.02–1.31 (br m), 1.95–2.24 (br m), 7.07–7.22 (br m), 7.27–7.33 (br m), 7.35–7.40 (br m), 7.41–7.54 (br 
m), 7.54–7.82 (br m), 7.82–7.98 (br m), 7.98–8.11 (br m), 8.26–8.36 (br m), 8.36–8.43 (br m), 8.43–8.50 
(br m), 8.55–8.69 (br m), 8.78–8.89 (br m) ppm; GPC (CHCl3): Mn = 17.7 kg mol-1; Mw/Mn = 1.96. 
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Representative synthetic procedure for polymerizations by Stille cross-coupling (PT1–PT5).  A detailed 
procedure is provided for polymer PT3.  A mixture of 1,3-dibromoazulene 1 (25.0 mg, 0.0874 mmol), 
4,7-dibromoazulene 2 (25.0 mg, 0.0874 mmol), 5,5'-bis(trimethylstannyl)-3,3'-didodecyl-2,2'-
bithiophene 4 (0.145 g, 0.175 mmol),  Pd2dba3 (5.6 mg, 6.0 μmol) and P(o-tol)3 (4.3 mg, 14 μmol) were 
combined in a 10 mL Schlenk flask equipped with a stir bar and septum. The vessel was evacuated and 
backfilled with argon three times followed by the addition of degassed toluene (4 mL) via syringe.  The 
resulting solution was heated at 120 °C under argon for 48 h. The mixture was cooled to room 
temperature, eluted through a short pad of silica gel using CHCl3 as eluent, and poured into methanol 
(150 mL).  The precipitate was collected by filtration using a 0.45 μm nylon membrane and washed 
consecutively with methanol, acetone, and hexanes.  The polymer was dissolved in a small amount of 
chloroform and precipitated a second time into methanol, providing the title compound as a green solid 
after filtration and drying under vacuum (80 mg, 73%).  1H NMR (600 MHz, CDCl3) δ: 0.78–0.92 (br 
m), 1.12–1.45 (br m), 1.64–1.77 (br m), 2.51–2.78 (br m), 6.97–7.03 (br m), 7.07–7.13 (br m), 7.13–7.26 
(br m), 7.29–7.38 (br m), 7.40–7.55 (br m), 7.55–7.69 (br m), 7.72–7.83 (br m), 7.85–8.01 (br m), 8.03–
8.07 (br m), 8.19–8.29 (br m), 8.28–8.38 (br m), 8.68–8.85 (br m) ppm; GPC (CHCl3): Mn = 6.4 kg mol-
1; Mw/Mn  = 1.28. 
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Theoretical calculations.  Geometry optimizations were carried out using the Gaussian 09 quantum 
chemistry program package[6] at the B3LYP functional.[7,8]  All compounds were fully optimized with 
the 6-31G* basis set.[9,10] 
Cartesian atomic coordinates for the geometry optimized structures  
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